Background and Purpose-Many patients with transient ischemic attack (TIA) or minor stroke present to medical attention after a delay of several days or weeks, at which time it may be more difficult to obtain a clear history and clinical signs may have resolved. Because ischemic lesions on diffusion-weighted MRI (DWI) often persist for several weeks, we hypothesized that adding DWI to a standard protocol with T2-weighted imaging might be useful in the management of patients presenting late. Methods-We studied consecutive patients with TIA or minor stroke presenting Ն3 days after the event. Two independent observers recorded the presence or absence of recent ischemic lesions on 2 different occasions, first with the T2 scan only, and second with T2 and DWI. Each time, with the aid of a written clinical summary, the observers recorded their diagnosis and proposed management. Results-300 patients (159 men) were scanned at a median of 17 (interquartile rangeϭ10 to 23) days after symptom onset.
M
anagement guidelines recommend that patients with transient ischemic attack (TIA) and minor stroke are seen as soon as possible after their event. 1 However, many patients delay seeking medical attention, and often there is a further delay before they are seen by specialist stroke services. [2] [3] [4] [5] In these patients, who may be assessed after a delay of several days or even weeks, a clear history may be more difficult to obtain, clinical signs may have resolved, and it may be difficult to make a definite diagnosis of a cerebral ischemic event or to be certain of the vascular territory or territories involved.
Diffusion-weighted MRI (DWI) is a relatively recent imaging technique, which shows ischemic tissue damage within minutes after onset of the injury, 6 and is therefore mainly used in the investigation of patients presenting acutely with stroke. 7 However, ischemic lesions remain visible for at least 2 weeks after a stroke due to combined effects of the apparent diffusion coefficient (ADC) and T2 shinethrough, 8 -10 and DWI detects clinically appropriate ischemic lesions in a high proportion of minor stroke patients when scanned 2 weeks or more after their event. 9 In addition, interobserver agreement for identifying recent ischemic lesions in this patient group is much higher for DWI than for T2-weighted scans. 9 In view of the high sensitivity and reproducibility of DWI in the subacute stage, it may be useful in the routine management of TIA and stroke patients who present late. However, there are no studies of the clinical usefulness of DWI in this group. In this first-ever large study of DWI in subacute TIA and minor stroke, our aim was to determine whether DWI, when added to T2-weighted imaging, provided additional useful information and influenced management in patients who were assessed in clinic several days or weeks after their event. We also studied whether lesion presence on DWI was associated with any specific clinical characteristics to determine if there are patients in whom it is particularly informative.
Methods
We prospectively studied consecutive patients referred to a hospitalbased TIA and minor stroke clinic from 2000 to 2003 who were considered to have had a probable or definite TIA or stroke. Patients were referred after attending their family doctor and were not therefore seen acutely. TIA and stroke were defined according to World Health Organization criteria. 11 All stroke patients included in the study had had a minor nondisabling stroke, that is, they were sufficiently well to remain at home after their event and to attend an outpatient clinic. Baseline clinical data and the National Institutes of Health (NIH) Stroke Score 12 were recorded, and approval was obtained from the local ethics committee.
Two neurologists obtained a detailed history with a standardized questionnaire. This included dates of symptoms, duration and type of symptoms, number of events and details on vascular risk factors, past medical history, and medication. All patients underwent a standardized clinical neurological examination and MR brain imaging on the same day using a 1.5 Tesla Siemens Symphony system with quantum gradients. The study protocol included a T2-weighted turbo gradient spin echo axial sequence (acquisition time 58 s, repetition time 4000 ms, echo time 95 ms, 19 slices, slice thickness 6.0 mm, matrix 256ϫ256, echos per excitation [EPI-factor]ϭ3) to detect old and potentially new ischemic lesions, hemorrhage and mass lesions, and a diffusion-weighted sequence (acquisition time 68 s, repetition time 260 ms, echo time 184 ms, 20 slices, slice thickness 6.0 mm, matrix 128ϫ128) to detect recent ischemic lesions. The diffusion gradients were applied along the x, y, and z axis, thus minimizing anisotropic effects, and the DWI sequence was acquired with 3 different b values (bϭ0, 500, and 1000 s/mm 2 ). A positive DWI scan was defined as high signal on the b1000 image. In cases with a lesion on DWI, we also reviewed the ADC map and noted whether high signal areas on the b1000 image showed low, high, or normal signal on the ADC map when comparing the affected area to the corresponding contralateral area. Furthermore, we assessed whether lesions present on DWI were also present on the T2 image.
In the clinic, all scans were immediately reviewed by a radiologist and, in case of any abnormality not entirely typical of ischemic lesions, further imaging was performed as appropriate (eg, T1-imagingϮgadolinium). However, as our study aim was to determine the incremental value of DWI in addition to our standard imaging, we restricted our analysis to the routinely acquired T2 and DW images. In the study, a third neurologist and a neuroradiologist, both with a special interest in cerebrovascular diseases, reviewed the scans jointly on 2 different occasions. Neither observer was involved in the patients' care, but because our aim was to study the clinical usefulness of DWI, and whether DWI changed patient management, the reviewers had to be aware of the clinical data to be able to comment on patient management and were given a summary of the clinical history and examination. On the first occasion, the observers reviewed the T2-weighted image only and, in a standardized questionnaire, noted their degree of certainty of a clinical diagnosis of stroke or TIA (possible/probable/certain), the presence and number of any infarctions, the affected vascular territory, whether any infarcts were lacunar or nonlacunar, and whether infarcts were recent and consistent with the presenting event. The study neurologist also outlined his management plan (further vascular imaging, further cardiac investigations, and other) on the basis of the clinical presentation and the T2 scan. On the second occasion, at least 4 weeks after the first review, the observers were again presented with the clinical details and replied to the above questions on the basis of the T2 and the DW images. On the second review, the observers also commented whether they felt DWI had added any useful information.
Statistical Analysis
To study the associations between lesion presence on DWI and clinical characteristics, we related the proportion of positive DWI scans to the clinical diagnosis (TIA or minor stroke), baseline clinical characteristics, symptom duration , and time since symptom onset. In stroke patients, we related lesion presence on DWI to the persistence of symptoms and of clinical signs and to the NIH score. 12 We compared proportions with the 2 test and related the NIH score to lesion presence on DWI with the Mann-Whitney test and with ANOVA. All analyses were performed unadjusted and, as appropriate, adjusting for age, sex, and diagnosis in a logistic regression analysis with lesion presence on DWI as the outcome variable of the analysis. In the second part of this study, to determine whether DWI provided additional information when added to T2 imaging, we compared the observers' assessments of the T2 scans alone with the assessment of T2 and DWI and noted how frequently scan interpretations and proposed management differed. All statistical analyses were performed with SPSS version 10.0.
Results
We studied 300 consecutive patients (159 men, mean SD ageϭ70.7 years [10.8] ) with a clinical diagnosis of stroke (nϭ164, 55%) or TIA (Tables 1 and 2 ). Median delay from symptom onset to clinic was 17 days (interquartile rangeϭ10 to 23, maxϭ90). No patient was scanned within 3 days. During the study period, we saw another 122 patients in whom the clinical diagnosis was not stroke (migraine, nϭ37); seizure, nϭ23; transient global amnesia, nϭ7; syncope, nϭ18; others, nϭ37) and who were either not scanned or imaging showed a nonvascular pathology. A further 12 patients with TIA or minor stroke were unsuitable for MRI-scanning. Of the 300 patients who were scanned with the standard cerebrovascular protocol, the research team agreed with the diagnosis of TIA or stroke on the basis of the clinical summary in 91% (ϭ0.76, 95% CIϭ0.69 to 0.82; PϽ0.0001).
DWI and Clinical Characteristics
A high signal lesion consistent with a recent cerebral infarct was present on DWI in 131 (43.7%) patients, and in all of these the location of the lesion was compatible with the clinical presentation. In 23 (17.6%) patients, the ADC was increased compared with the contralateral side, in 65 (49.6%) there was no difference compared with the corresponding contralateral area, and in 43 (32.8%) the ADC was reduced. Figure 1 shows the proportion of high signal lesions on DWI with a corresponding low or with an increased ADC in relation to time since event. The proportion of lesions with a high ADC increased with time, but even 4 weeks or more after the initial event, there were 6 patients with DWI lesions with a corresponding low ADC. We found a strong negative association between time since symptom onset and lesion presence on DWI (Table 3 ), although only in stroke patients (odds ratioϭ0.94; 95% CIϭ0.91 to 0.97; PϽ0.0001.)
A clinical diagnosis of stroke was the strongest predictor of lesion presence on DWI: 69.5% of strokes versus 12.5% of TIAs, Table 2 . A motor deficit or dysarthria were also associated. In the stroke patients, lesion presence was related to persistence of symptoms: 76/98 (66.7%) versus 38/66 (57.6%) patients whose symptoms had resolved (Pϭ0.006). Similarly, DWI was positive more frequently in stroke patients with persisting signs: 56/71 (78.9%) versus 58/93 (62.4%), Pϭ0.023. NIH scores of the stroke patients ranged from 0 to 9, and 26 patients had a score Ͼ3 (NIHϭ4 in 14, 5 in 5, Ͼ5 in 7). Lesion presence was associated with a higher NIH score (Pϭ0.037, Table 1 ). These associations were still present after adjusting for age and sex (Table 3 ). There was no association of lesion presence with stroke subtype according to the Oxfordshire Community Stroke Project (OCSP) classification. 13 Treatment for hypercholesterolemia, leukoaraiosis, and atrial fibrillation were positively associated with a lesion on DWI, and a history of a previous TIA was negatively associated. However, these associations were weakened or no longer significant after adjustment for age, sex, and diagnosis. Increasing age was the only patient characteristic strongly associated with lesion presence on DWI before and after Absolute numbers and percentages are given for the entire cohort and separately for patients with and without a lesion on DWI (column percentages). IHD indicates ischemic heart disease. P shows whether the characteristics differed significantly between patients with and without a lesion on DWI in the unadjusted analysis.
*On treatment for this condition. †Significant differences (PϽ0.05).
adjustment (Tables 2 and 3 ). However, we also found a trend for stroke patients to be older than TIA patients (mean SD, 71. Figure 2a ) and whether the event had been lacunar or nonlacunar (14 patients, Figure 2b ). In 16 patients, DWI showed multiple lesions. Of these, 4 patients had infarcts in multiple vascular territories, suggesting a proximal embolic source, and 12 patients showed multiple ischemic lesions within the same vascular territory. In 18 patients, in whom the diagnosis was uncertain because of difficulty in obtaining a history (eg, dementia, dysphasia), DWI helped to establish the diagnosis of a recent ischemic event. Finally, there were 11 patients in whom the observers did not detect a lesion on the T2 scan, but in whom DWI showed an ischemic lesion (Figure 2c and 2d ). In 6 of these patients, a lesion on the T2 scan was identified once it had been seen on DWI; all of these lesions were very indistinct on T2. In the 5 other patients, no lesion was seen even in retrospect. Overall DWI provided additional information in 108 (36%) patients (91 [55.5%] strokes and 17 [12. 5%] TIAs). The additional information provided by DWI resulted in several changes of the management plan. For example, it is our policy to recommend carotid endarterectomy only in patients with a symptomatic carotid stenosis, and so only patients with anterior circulation events are referred for carotid imaging. DWI differentiated between anterior and posterior circulation events in 27 patients. Of these, 12 patients would not otherwise have been referred for carotid imaging, and 4 of these were identified to have a carotid stenosis and proceeded to endarterectomy. Ten patients with The table shows the odds ratios (95% CI) of a lesion being present on DWI vs a lesion not being present related to each shown characteristic. The analyses were performed for the entire patient cohort, and the analyses were adjusted for age, sex, and diagnosis. OR indicates odds ratio; IHD, ischemic heart disease.
*On treatment for this condition. †Significant differences.
posterior circulation events would either not have been referred, or, in case of a carotid stenosis being identified, this would have been regarded as incidental. Four patients, whose DWI scans showed multiple acute lesions, would now have been referred for additional more detailed investigations to identify causes of systemic embolism. In 16 patients, in whom either the T2 scan had been normal or the history had not been entirely typical of a cerebral ischemic event, the positive DWI scan resulted in a definite diagnosis and full investigation and treatment. Overall DWI would have resulted in a change of management in 42 (14.0%) patients [32 (19.5%) strokes and 10 (7.4%) TIAs].
Discussion
We found that in patients with subacute TIA and stroke, lesion presence on DWI mainly depended on the characteristics of the ischemic event rather than the patient. We also found that DWI added useful clinical information and influenced management in a significant proportion of patients. Many patients still had a lesion several weeks after the event. The occurrence of new, sometimes asymptomatic, lesions after an ischemic event has been reported, 14 and because of the cross-sectional design of our study, we cannot be entirely certain that some of the lesions that we identified were not more recent than we supposed. To be absolutely certain of the age of the lesions, a follow-up study from symptom onset would have been required. However, this would have required a different patient population and the results might not have been generalizable to patients who present late. Additional lesions, which were clinically silent, would only pose a diagnostic problem if the original lesion resolved and if they affected a different vascular territory than the original lesion. From a clinical point of view, it is unlikely that they would lessen the usefulness of DWI, because their appearance would still confirm the diagnosis of a cerebral ischemic event and help to plan further management. Finally, although DWI appearances have been reported to normalize 2 weeks after stroke, 15 there are now several studies suggesting that high signal on DWI may persist for much longer. 8, 9, 10 In most patients with a lesion on DWI, the ADC was increased or normal, although it was still low Ն4 weeks after the event in 6 patients. The DWI signal is influenced by the ADC and T2 effects, and the contribution of each of these to the DWI signal at different time points is complex. In the first few days after an ischemic event, high signal on DWI is mainly caused by a low ADC. However, the ADC normalizes after Ϸ10 days, and it is increased in the chronic phase. 8, 16, 17 High signal on DWI in the subacute and chronic phase is thought to be mostly caused by T2 shine-through. Although a persistently low ADC has been reported previously, 8 it is unusual for the ADC to be low several weeks after an ischemic event, as was the case in our six patients. Although consistent with the original clinical presentation, the lesions may have been caused by a more recent clinically silent event. In this case, DWI would still help to make a diagnosis of cerebrovascular disease. However, a low ADC after several weeks is unusual, and this finding should be interpreted with caution.
The lesion rate for TIA patients in our study was low. This contradicts the findings of studies in which TIA patients were scanned within a few hours 18, 19 or even within a few days 20, 21 after symptom onset. However, it has been shown that lesions on DWI may be reversible. 17 In our study, patients were scanned later than in the previous studies, and it is likely that the low rate of positive scans in TIA patients in our study reflects lesion reversibility on DWI. One other possible cause of a low DWI lesion rate in TIAs is misdiagnosis, because interobserver agreement for the diagnosis of TIA is only moderate. 22 However, in our study, agreement between our clinicians and the study observers was good, and misdiagnosis is unlikely to have contributed significantly to the low DWI lesion rate.
Increasing age was strongly associated with lesion presence on DWI. The only other study of age and DWI reported a trend for the ADC to increase more quickly in older patients, 23 which should result in a more rapid normalization of the DWI appearance. However, our findings may partly be confounded, because older patients were more likely to have had a stroke than a TIA and tended to have more severe strokes than younger patients, although the association between DWI lesion presence and age appeared to be independent of these factors. One possible explanation is that older patients may have a relatively larger contribution of T2 effects to their DWI appearance, which may reflect agedependent differences in repair mechanisms after stroke. T2 signal reflects increased total water content, and decreased glial activity after stroke has been reported in older patients, 24 which might result in more marked cystic infarct transformation.
Lesion presence on DWI was weakly associated with presentation with dysarthria or motor symptoms. The association with motor symptoms is the only consistent finding in previous reports 21, 25 ; otherwise, symptom type does not appear to be associated with lesion presence.
In 11 patients, DWI helped to identify lesions which were missed by the observers when reviewing the T12-scan alone. The lesion was, in fact, visible (although indistinct) on T2 in retrospect in 6 patients, but in 5 patients no lesion was identifiable on T2. This situation has been reported in acute stroke, 26 but it is difficult to explain in the subacute stage. At this point, most of the high signal on DWI should be caused by T2 shine-through, which should also be visible on the T2 scan. One possible cause is "fogging," that is, the temporary disappearance of the T2 lesion 2 to 3 weeks after the ischemic event. 27 It is also possible that the lesions on DWI were caused by new asymptomatic lesions, which were not yet visible on the T2 scan. However, this is unlikely to have been the case in all 5 patients. More likely, because all 5 lesions were small and were only seen on 1 slice, it is possible that patient movement could have resulted in the lesions being missed on T2. Irrespective of the explanation, one important benefit of DWI is that ischemic lesions are much more obvious than on T2 imaging.
DWI is helpful in the management of acute stroke patients. 28, 29 We have shown that it is also useful at the subacute stage, providing useful information over and above T2 imaging in 36% of patients (55.5% strokes and 12.5% TIAs), most commonly by increasing certainty of diagnosis and of vascular territory. As in acute stroke, 29 the additional certainty is likely to be particularly helpful to less experienced medical staff. In relatively experienced hands in our study, DWI would have influenced clinical management in 20% of strokes and 7% of TIAs. Although this is a subjective judgment and may depend on local policies, (eg, whether carotid imaging is only done in patients with anterior circulation events), it is unlikely that the results would be very different in other centers
We confined our analysis of usefulness to patients with positive DWI scans. Potentially, negative DWI scans might also be helpful, at least in terms of diagnostic probabilities, particularly in patients presenting with an acute stroke-like neurological deficit. In this case, a normal DWI scan would reduce the probability of a cerebral ischemic event. In our cohort, there were 2 such patients. However, dogmatic interpretation is not possible, because false-negative DWI scans have been reported even in acute stroke. 30 
Conclusion
DWI provides clinically useful information that affects management in a significant proportion of patients presenting late with TIA or minor stroke. The use of DWI is an additional justification for an MRI-based imaging protocol in patients presenting with subacute cerebrovascular events.
